Introduction

38
The past few years have witnessed rapidly expanding interest in renewable agricultural 39 feedstocks and marine food processing wastes as sources of biomolecules with potential to 40 replace synthetic polymers (Tharanathan, 2003) in fabricating biomaterials with bioactivity, 41 biocompatibility, biodegradability, and novel properties for unique applications (Lin & 42 Metters, 2006) . As biomolecules have become more available, ever-increasing demand for 43 high-performance "natural" matrices for biomedical and pharmaceutical applications such as 44 tissue engineering (Khademhosseini & Langer, 2007) and organ regeneration (Skotak, 45 films, contact lenses, and capsules for oral ingestion (Hoffman et al., 2002) has stimulated 50 design of "smart" matrices able to "sense" external changes (pH, temperature, humidity) and 51 trigger release of active (drugs) and/or bioactive (protein and genes) compounds (Jeong, Kim, 52 & Bae, 2002) . Although applications are less developed, these same properties offer promise 53 for use of biopolymers in packaging materials as stand-alone films (Mohareb & Mittal, 2007; 54 Weber, Haugaard, Festersen, & Bertelsen, 2002) and as thin layers that either carry active 55 compounds to be released into a targeted environment or provide a coating to improve the 56 properties of a base film (Gong, Katsuyama, Kurokawa, & Osada, 2003) . 57
In spite of well-established benefits, biomaterials still suffer some drawbacks that hinder 58 full exploitation. Most widely recognized limitations include mechanical weakness (and thus 59 inability to withstand loads) (Farris, Introzzi, & Piergiovanni, 2009a), water sensitivity (which 60 leads to unwanted matrix failures) (Yao, Liu, Chang, Hsu, & Chen, 2004) , and instability 61 under physiological conditions with unpredictable behaviour in long-term applications (Lin et 62 al., 2006) . Although different strategies may be pursued to overcome these problems, the 63 inherent versatility and multifunctionality of such biomolecules offer a valuable opportunity 64 to improve their physicochemical and biochemical properties, thus affording new possibilities 65 for specific applications (Mourya & Inamdar, 2008 ; Ravi Kumar, 2000) . Accordingly, one 66 way to improve the overall performance of bio-based materials is represented by the 67 association of biomolecules of both different origin and chemical characteristics through the 68 development of new methods/techniques, which makes it possible to fully exploit the 69 reactivity of functional groups along the skeleton of biomolecules (Hoare & Kohane, 2008) . 70
Protein-polysaccharide pairs, in particular, have great potential to fabricate many structural 71 complexes and coacervates with improved physicochemical properties, exploitable for 72 films/coatings-forming purposes ( 
Preparation of the films 115
Three types of films with 21 wt% total solids but different composition were generated 116 mixing gelatin, pectin, and glycerol in different amount as settled in our previous work (Farris  117   et 
Thermal properties (DSC) 176
Thermal properties were measured by differential scanning calorimetry (DSC) analysis, 177 using a DSC 823 (Mettler Toledo, Columbus, OH) with a quench-cooling accessory. Aliquots 178 of approximately 10 mg samples previously conditioned (23°C, 50% RH for 2 weeks) were 179 placed in hermetically-sealed aluminium pans to prevent moisture loss during analyses and 180 then heated at 10 °C min -1 from 5 °C to 110 °C in an inert environment (100 ml min -1 N 2 ). 181
The first scan was immediately followed by quick cooling to 5 °C at a rate of 40 °C min -1 182 using liquid nitrogen and the second scan was then run. Before taking the measurements, the 183 instrument was calibrated with an indium standard (∆H of 28.4 J g -1 and Tm of 156.6 °C). The 184 glass transition temperature (T g ) of all the samples was determined as the point of inflexion in 185 the base line (second scan) caused by the discontinuity of specific heat capacity of the sample. 186
The helix-coil transition temperature, T m , also called interchangeable melting or denaturation 187 temperature (Arvanitoyannis, Nakayama, & Aiba, 1998), was measured as the temperature of 188 the endothermic peak (first scan). The value of helix-coil transition enthalpy (∆H) was 189 assumed derived from the amount of renaturated gelatin during the sol-gel process (Dai, 190 Chen, & Liu, 2005) , and was normalized to the sample weight determined immediately before 191 each measurement. Tg, Tm, and ∆H were calculated by the software STAR e version 9.0 192 (Mettler Toledo, Columbus, OH). 193
Dynamic mechanical analysis (DMA) 194
Dynamic mechanical properties (storage modulus -E", and loss modulus -E"") were 195 determined in the tensile mode using a Rheometric Scientific RSA II Solids Analyzer 196 (Rheometric Scientific, Piscataway, NJ) equipped with Orchestrator 6.5.7 software. Samples 197 (38.1 mm long and 5-7 mm wide) were analyzed as described previously (Coffin, & Fishman, 198 1994 ), using a temperature ramp from -50 to +150°C at a heating rate of 10°C min -1 . 199
Swelling behaviour 200
To evaluate the water sorption resistance of the gelatin-based films, square pieces of dry 201 samples were weighed (W i ) and then immersed in distilled water at 30°C with shaking (100 202 rpm) for up to 25 hours. Swollen gels were removed from water periodically, blotted dry, and 203
weighed (W f ) to track sorption kinetics. The swelling index (SI) was determined as described 204 by others (Myung et al., 2008) : 205
Five replicates were analyzed for each time point. 207
Statistical analysis 208
Statistical significance of differences in films properties and behaviours was determined from 209 one-way ANOVA using Statgraphics Plus 4.0 software (STSC, Rockville, USA). The mean 210 values, where appropriate, were separated by least significant difference multiple range test at 211 p ≤ 0.05. 212 complexes. This is because, under the experimental conditions (i.e., pH = 4.5), the gelatin 230 backbone exhibits an overall positive charge, whereas the carboxyl group along the pectin 231 skeleton are indeed carboxylates. Therefore, due to the addition of pectin, positively charged 232 gelatin and negatively charged pectin would be expected to interact through electrostatic 233 forces between NH 3 + and COOgroups. Addition of 0.3 wt% glutaraldehyde produced more 234 evident heterogeneity in the microstructure. In particular, the lumpy structures may represent 235 large groups of polymers (triangles in Figure 3 ) with a separate phase entrapped within 236 (arrows in Figure 3 ). The largest domains probably represent glutaraldehyde-mediated 237 protein-polysaccharide interactions (Nikolova et al., 2005) . Lately, it has been proved that 238 these aggregates are the evidence of a new crosslinking mechanism of gelatin mediated by 239 glutaraldehyde. Unlike the established reaction between the carbonyl group of glutaraldehyde 240 and the unprotonated -amino groups of lysine to form Schiff bases, it has been proposed that 241 at acidic pH the crosslinking occurs prevalently between the aldehyde groups of the 242 crosslinker and hydroxyl groups of hydroxyproline and hydroxylysine of gelatin (91 and 6.4 243 residues per 1000 residues in type A gelatin, respectively) to form hemiacetals (Farris, Song, 244 & Huang, 2010), according to the mechanism shown in 
Results and Discussion
AFM analysis 253
In order to understand the structures formed during the gelation process more thoroughly, 254 interfacial gelatin and gelatin-pectin films formed at the air-water interface were also studied 255 been supposed that these fibers are likely to be bundles of triple helices rather than individual 263 helical junction zones (Mackie, Gunning, Ridout, & Morris, 1998). Addition of pectin led to a 264 completely different scenario. Figure 6 (left) revealed that the above-mentioned gelatin 265 clusters disappear giving way to a more homogeneous structure. In particular, it seems that 266 pectin hindered the possibility for gelatin to recover the original triple helix conformation, 267 while promoting the formation of a binary network in which gelatin and pectin are supposed 268 to interact through ionic interactions, as mentioned above. The "phase" image indeed 269 confirmed the compatibility between the two components, which generated a highly smooth 270 surface, especially in comparison with the "phase" image drawn from gelatin films ( Figure 5 
Large deformation analysis 297
As shown by Figure 9 , the mean stress-strain curves for the three types of films differ 298 from each other, as also confirmed by the results reported in Table 1 . The elastic modulus 299 values were calculated for all specimens from the slope of the linear climbing tract of the 300 stress-strain plot within the fixed strain region 0.5% -1.0%, as visualized in the magnification 301 embedded in Figure 9 . The elastic modulus values recorded for the (gel) samples are 302 approximately two and one and half times higher than those obtained for (gel-pec) and (cross) 303 samples, respectively (Table 1) . This can be ascribed to the lower degree of crystallinity of 304 (gel-pec) and (cross) samples. Both interactions governed by electrostatic forces and covalent 305 bonds reduced the crystallinity degree of the gelatin main network because close packing of 306 molecules is prevented, thus resulting in lower stiffness of the polymer (Andersson, 2008) . 307
Since the slope of the first rising tract of a stress-strain curve gives a measure of the material"s 308 stiffness, which is normally assumed to be an indication of the degree of crystallinity (Selke, 309 Culter, & Hernandez, 2004), it can be concluded that the gelatin samples had a higher degree 310 of crystallinity than the other samples. Our results agree with those obtained by Thomazine, 
Thermal properties (DSC) 333
Figure 10 shows the differential scanning calorimetry (DSC) traces obtained from the 334 first scan of pure gelatin, gelatin-pectin, and gelatin-pectin films crosslinked using 335 glutaraldehyde. All traces display the classical thermal behaviour of gelatin samples, with the 336 first drop of the curve related to the glass transition, followed by an endothermic peak 337 associated with the helix to coil transition. In the second heating scan, only the glass transition 338 is evident (a typical heating-cooling-heating DSC trace for non-crosslinked glycerol-339 plasticized gelatin samples equilibrated at 50% relative humidity is displayed in Figure 11 ). 340 -14 -This is due to the disruption of the microcrystalline domains during the first heating cycle. 341
From Figure 10 it can be observed how (gel) and (gel-pec) samples provided very similar 342 traces, contrary to (cross) samples, which led to a curve with an anticipated and less 343 pronounced peak. More specifically, (gel) samples had T g = 50.53 ± 0.6 °C, T m = 59.45 ± 0.3 344 °C, and ∆H = 10.9 ± 0.3 J g -1 . (Gel-pec) samples were characterized by T g = 51.23 ± 0.7 °C, 345 T m = 59.23 ± 0.2 °C, and ∆H = 9.4 ± 0.5 J g -1 . Finally, crosslinked samples yielded T g = 44.78 346 ± 0.6 °C, T m = 50.37 ± 0.4 °C, and ∆H = 3.2 ± 0.4 J g -1 . The overall lower values for 347 crosslinked samples can be explained by taking into consideration two different effects. 348
Firstly, the appearance of the endothermic peak in a DSC curve is normally due to the 349 breakage of hydrogen bonds. Conversely, when a crosslinked network structure is involved, a 350 small or negligible endothermic peak is expected. Therefore, the decrease in the helix-to-coil 351 enthalpy values (ΔH) when using glutaraldehyde has to be attributed to an increase in the 352 extent of crosslinked network formation which breaks exothermically. Secondly, the 353 simultaneous lower T g of (cross) samples can be explained by hypothesizing an "inhibition 354 effect" exerted by the crosslinker, which prevented the recovery of the structurally-ordered 355 microcrystalline domains (the so called microcrystallites), to the advantage of a more 356 amorphous final molecular structure. 357
Dynamic mechanical analysis (DMA) 358
A dynamic mechanical analysis was performed on selected samples obtained from 359 hydrogel solutions containing only gelatin, gelatin and pectin, and gelatin and pectin with 360 glutaraldehyde. The storage modulus curves (E') are shown in Figure 12a , while the loss 361 modulus curves (E") are shown in Figure 12b . Both the storage modulus and loss modulus 362 curves for the gelatin-only samples had significantly lower values than did the curves for the 363 other two samples throughout the entire temperature range studied. Two transitions were 364 present in all three samples. The first was a peak in the loss modulus curve centered at 365 approximately -56 o C. This is likely due to a glass to rubber transition (T g ) associated with soft 366 blocks containing mainly R-amino acids. A second peak near 50 o C may be related to a second arising from the addition of pectin first and crosslinker later. Exploiting electrostatic 390 interactions between the two biomacromolecules made it possible to achieve a dramatic 391 decrease in the ultimate swelling ratio (300% versus 1950% of gelatin samples). After all, 392 electrostatic self-assembly is a widely established route to generate supramolecular structures 393 with enhanced properties (Grohn, 2008) . Presumably, electrostatic interactions between 394 gelatin and pectin hinder penetration of water molecules, which will take a longer time to 395 compete for the same hydrophilic sites along the molecular skeleton of the two biomolecules. 396
Inducing new permanent bonds through glutaraldehyde further enhanced this trend. Indeed, 397
films crosslinked with only 0.3 wt.-% glutaraldehyde swelled approximately ten times less 398 than uncrosslinked gelatin samples (215% versus 1950%) after 25 hours, indicating how the 399 irreversible attribute of the hydrogel solution initially used to produce the films provided a 400 greater water resistance. As also suggested by AFM images (Figure 7) , it is likely that the 401 addition of the crosslinker led to a heterogeneous molecular arrangement, due to the presence 402 of domains with an uneven degree of crosslinking, which determines the simultaneous 403 presence of crosslinked undissolvable patches together with zones in which the typical 404 "reversible" features are still dominant. These features are responsible for the occurred 405 swelling, which in turn strictly depends on the extent of the crosslinking. As a consequence, a 406 slightly higher concentration of glutaraldehyde within a certain limit should afford additional 407 resistance to swelling, without jeopardizing the film-making process (Bigi, Cojazzi, 408
Panzavolta, Rubini, & Roveri, 2001). 409
Finally, the role of glycerol in the ultimate water resistance property of the obtained films 410 should not be underestimated. Glycerol was here used as a plasticizer, which provides films 411 with improved mechanical properties especially in terms of flexibility. However, both the 412 small size and polar nature of this molecule influence the physical structure of the 413 biopolymers (increasing the free volume between adjacent molecules) as well as their affinity 414 to water. Therefore, the tendency of water sorption becomes even more significant. 415 Depending on the specific application, either replacing glycerol with other molecules or 416 removing it from the starting formulation may provide desirable benefits. 417 418
Conclusions
419
The results arising from our investigation showed the importance of developing a proper 420 hydrogel solution for producing ultimate films with improved overall properties. In particular, 421 microscopy analyses corroborate the hypothesis that the addition of pectin to gelatin 422 according to a well defined ratio leads to a composite network in which the protein and the 423 polysaccharide interact with each other through electrostatic forces. It afforded structures with 424 improved mechanical and water resistance properties, which could be profitably exploited for 425 manufacturing special materials, in order to replace some of the commercial solutions 426 currently used. In addition, crosslinking mediated by glutaraldehyde promoted the formation 427 of covalent bonds between gelatin molecules, without interfering with the previously 428 mentioned physical interactions, and allowing the formation of an interconnected gelatin web 429 with the pectin network dispersed inside. Physical characterization of gelatin-based films 430 indirectly supports our findings. The molecular arrangement we propose indeed justifies the 431 increased performance of the obtained structures, which demonstrates the capability of 432 withstand high loads simultaneously to a great elongation, and good water resistance as well 433 (films swelled, but never dissolved nor disintegrated). 
